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Abstract
Texturally sector-zoned garnet porphyroblasts occur abundantly in Ryoke metamorphic rocks in the
southern part of the Yana; district, southwest Japan. Commonly, the gneisses containing sector-zoned garnet
porphyroblasts are originally siliceous pelitic rocks lying just above a bedded chert. Texturally sector-zoned
garnets are divided into three types, based on the forms and outlines of sectored parts, namely (1) regular- form,
irregular-form and clustered types. The regular-form type is subdivided into type-l and type-2. Type-1 is
defined by the euhedral forms of the sector-zoned part, and type-2 has a non-sectored euhedral core at the
centre of the sectored part. The irregular-form type contains sector-zoned parts in cores, but the forms are
irregular because of the penetration of pre-existing foliations. The clustered type is defined optically and/or
chemically by grains with or without a sector structure being clustered. Sector structures are characterized
by a radial arrangement of minute inclusions together with tubular apatite, quartz, ilmenite and/or biotite
oriented parallel to the lines of ultra-minute inclusions.
From the observation on polished surfaces of sectored parts using SEM, almost all the ultra-minute
inclusions are found to be originally Auid inclusions, indicating that the nucleation and growth of sector-zoned
garnets occurred in Auid-rich environments. These garnets are critical in order to clarify their growth stages
in relation to the deformation and metamorphism of the Ryoke metamorphic rocks in this region.
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1. Introduction
Garnet porphyroblasts provide a great amount of information on the processes of
crystal nucleation and growth for two reasons: (1) they usually contain internal textural
zones and inclusion trails that aid in correlating the timing of garnet growth with
deformation and metamorphism (e.g., SPRY, 1969; ANDERSEN, 1984; JAMIESON and VERNON,
1987; RICE and ROBERTS, 1988; RICE and MITCHELL, 1991; WILLIAMS, 1994); and (2)
they have chemical zoning retaining a record of their growth history (e.g. BANNO et ai.,
1986; TAKASU, 1986; OLIMPIO and ANDERSON, 1978). Since HARKER (1950) identified
garnet, chiastolite and staurolite as having chemical or textural sector-zoning,
porphyroblastic garnet with sector structures has shed new light on the growth mechanism
of metamorphic garnet as indicating rapid growth under specific conditions (HOLLISTER,
1966; ANDERSEN, 1984; RICE and MITCHELL, 1991). ANDERSEN (1984) and JAMTVEIT and
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ANDERSEN (1992) ascribed the textural sector garnet from northern Norway to rapid
growth of crystals upon rapid heating. RICE and MITCHELL (1991) pointed out that
'cleavage dome' or 'inclusion bands' structures, consisting of graphite associated with
sector garnet porphyroblasts, were evidence of matrix displacement growth; and that a
bulk hydrostatic stress field is required for matrix displacement growth (HARVEY et al.,
1977; FERGUSON et al., 1980).
Recently, texturally or chemically sector-zoned garnet porphyroblasts have also been
reported in Japan, from the Higo metamorphic rocks (YOSHIMURA and OBATA, 1995;
YOSHIMURA, 1995), from the 5anbagawa schists (5HIRAHATA and HIRAJIMA, 1995), from
the Takanuki metamorphic rocks (HIROI,1993) and from the Ryoke metamorphic rocks
in the Yanai district (OKUDAIRA et al., 1993). In addition to the example described by
OKUDA IRA et al. (1993), I found various types of texturally sector-zoned garnet
porphyroblasts in the southern part of the Yanai district. These garnets are critical for
clarifying their growth stages in relation to the deformation and metamorphism of the
Ryoke metamorphic rocks in this region. In a separate paper, I have reported the
timing of nucleation and growth of garnet porphyroblasts based on the relationships
between their inclusion trails and matrix foliations (MIYASHITA, 1996).
This paper focuses on the texturally sector-zoned garnets and describes their modes
of occun'ence, microstructures and compositional zoning.
2. Geological background
The Ryoke metamorphic rocks in the southern Yanai area are composed mainly of
pelitic-psammitic gneiss, siliceous gneiss and sheeted granites (older granites) that have
foliated structures (Fig. 1). The precursor of these gneisses are chert-clastics sequences
of a Jurassic accretional')T complex (Kuga Group) (HIGASHIMOTO et al., 1983; HARA et
al., 1991). The area studied belongs to the sillimanite zone as defined by IKEDA (1993)
and OKUDAIRA et al. (1993). The typical mineral assemblages at the peak stage in this
area are garnet-fi brolite-bioti te- K -feldspar-plagioclase-quartz and si llimanite/fi brol ite-
biotite-K-feldspar-plagioclase-quartz in pelitic rocks; and garnet-biotite-K-feldspar-
plagioclase-quartz in siliceous pelitic rocks.
The evolutionary history of the Ryoke metamorphic rocks of the sillimanite-K-feldspar
zone in the southern at'ea of the Yanai district is divided into two metamorphic stages
(M1 and M2) and three deformational stages (D1 to D3), accompanied by the formation
of penetrative 51-53 foliations (MIYASHITA, 1996). The M1 stage metamorphism is
prograde and accompanies the formation of layer parallel schistosity (51), boudins and
ptygmatic folds ascribed to layer normal compression. The peak of metamorphism
(5ill-Kfs grade) was associated with intrafolial folding and weak shearing, with the
development of the main gneissosity 52. The major intrusion of older granites occurred
in this stage. M2 stage metamorphism is retrograde, with local sinistral (top to the
west) shearing. Table 1 indicates the summary of deformational and metamorphic
history.
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Fig. 1. Geological map of the southern Yanai area, southwest Japan.
Boxed numbers indicate the localities of texturally sector-zoned garnet-bearing
gneisses analyzed in this study.
3. Occurrence and microtextures of sector-zoned garnet
Garnet porphyroblasts occur in pelitic, psammitic, siliceous and siliceous pelitic
gneisses, and often preserve their growth histories as indicated by inclusion trails, resorbed
outlines and compositional zoning. Using these indicators, MIYASHITA (1996) divided
the garnet porphyroblasts into six types in pelitic and siliceous pelitic rocks of different
localities, which reflect the differences in nucleation-growth and resorption stages. Among
the many garnet porphyroblasts observed in this area, sector-zoned ones are found in
three localities: at Koyama (KOY), Shidai (SHI) and Kurosaki (KUR) (Fig. 1).
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Table 1. Summary of deformational and metamorphic history in the southern Yanai area.
DEFORMATION
DEFORMED MINOR
METAMORPHISM
STRUCTURES FOLIATION
SO:bedding plane
D1
boudinage Sl:bedding schistosity
Phen+Chl-+Bt+Mus+Qtz+V
ptygmatic fold '0And-+SilI ..,0
S2:shear plane or M1 ~in rrafolial fold Mus+Qtz-+Sill+Kfs+V III
D2 axial plane of
0.
~
tight fold(rootless fold) inrrafolial fold Bt+Sill+Qtz-+Gar+Kfs+V
I
asymmetric boudinage S3:shear plane Gar+Kfs+V-+ Bt+Sill+Qtz "'""
"""D3 M2 ~~
shear band (top to the west) Sill+Kfs+V-+Mus+Qtz "'""ro 9
Table 2. Representative EPMA analysis of texturally sector zoned garnets.
Sample no. KOY-I KOY-3 KOY-B KOY-l KOY-5 KOY-2 5HI-2
type Rl Rl R2 I C C
analyZed point core core rim rim rim rim core rim core rimcore core core ('ore (left) (left) (right) ( right)
5i02 37.36 37.68 37.85 36.16 36.49 37.26 36.66 37.52 36.69 3709 37.28 38.20 36.99 37.38
AI203 20.56 20.39 20.49 20.77 20.58 20.23 20.43 21.03 20.37 20.96 20.42 20.82 20.94 20.63
FeO 30.59 27.32 31.26 30.64 33.56 30.64 26.29 30.44 29.28 30.95 25.45 33.61 26.02 33.34
/VI nO 9.09 11.67 7.37 10.07 5.89 8.49 13.28 9.41 9.51 7.86 12.19 3.12 11.23 2.73
MgO 2.06 U6 2.23 1.22 2.13 2.00 1.45 1.87 2.66 2.56 1.00 2.99 1.57 3.35
CaO 1.41 2.09 1.39 1.05 0.79 1.58 U8 1.19 1.28 0.99 3.36 2.60 3.31 2.64
total 101.1 100.51 100.59 99.91 99.44 100.20 99.49 101.46 99.79 100.41 99.70 IOU4 100.06 100.07
5i 3.006 3.044 3.045 2.966 2.997 3.016 3.003 3.007 2.992 2.997 3.028 3.040 2.990 3.012
Al 1.950 1.941 1.942 2.008 1.992 1.931 1.972 1.987 1.958 1.996 1.955 1.953 1.995 1.959
Fe 2.059 1.846 2.103 2.102 2.305 2.074 1.800 2.040 1.997 2.092 1.729 2.236 U59 2.247
Mn 0.620 0.799 0.502 0.700 0.410 0.582 0.921 0.639 0.657 0.538 0.839 0.210 0.769 0.186
Mg 0.248 0.164 0.267 0.149 0.261 0.241 0.178 0.223 0.324 0.308 0.122 0.354 0.189 0.403
Ca 0.122 0.181 0.120 0.092 0.070 0.138 0.122 0.102 0.112 0.085 0.293 0.221 0.287 0.228
total 8.003 7.974 7.978 8.017 8.035 7.98\ 7.996 7.998 8.040 8.016 7.966 8.014 7.989 8.035
Cations based on 12 oxgens.
All the gneisses containing the sector-zoned garnet from Koyama are metamorphosed
siliceous shales occurring just above a bedded chert. The KOY-series of samples were
obtained from these rocks at Koyama (Fig. 1). The mineral assemblage in the gneisses
is garnet-biotite-K-feldspar-plagioclase-quartz-ilmenite. Sample KUR-25 from Kurosaki
consists of garnet-fibrol ite-biotite-K-feldspar-plagioclase-quartz-ilmenite, with secondary
muscovite. This pelitic gneiss is layered on a fine scale and occurs just above siliceous
gneiss derived from bedded chert. Many granitic veins are injected into these
gneisses. Garnet porphyroblasts in this gneiss are relatively small compared to those
In siliceous pelitic gneisses, and commonly show nearly euhedral to subhedral
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Fig. 2. Sketches of Regular-form type 1 garnets.
(a): KOY-267, (b): KOY-l and (c): KOY-3. Scale bar is 1 mm.
forms. Sample SHI-2 from Shidai is taken from a thin pelitic gneiss layer within
banded siliceous gneiss (Fig. 1).
Sector-zoned garnets are divided into a series of pyramids, the bases of which form
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the crystal faces. Within each pyramid, inclusions form as bundles of slightly misoriented
units aligned normal to the crystal face. Relatively complex sector patterns can be seen
in thin sections, depending on the orientation of the section through the crystal.
Texturally zoned garnets are divided into three types, based on the forms and
outlines of the sectored parts, namely regular-form, irregular-form and clustered
types. The regular-form type is subdivided into type-l and type-2. The features of
each type are described below.
(1) Regular-form type 1
This type is defined by euhedral forms of sector-zoned part. Examples of this type
are shown in Plates I and II and Fig. 2. The garnet shown in Plate I-a, b, d and Fig.
2-a is a typical example, which has sharp outlines of a sector-zoned core with an
arrangement of inclusions normal to each prism face of garnet. This section corresponds
to a cross section of the rhombododecahedron normal to the tetragonal axis (YOSHIMURA
and OBATA, 1995). Almost all garnet grains in KOY-1 (Plate II-b, Fig. 2-b) are of this
type, although their outlines are irregular due to resorption and overgrowth by non-sectored
garnet. In Plate II-c and Fig. 2-c, a well-developed radial arrangement of inclusions
is observed in the core of the garnet, resorbed at margins of the sectored core and
overgrown by non-sectored garnet with 52 foliation.
(2) Regular-form type 2
This type is essentially the same as type-1, except that it has a clear euhedral core
10 the centre of the sectored part. Garnet in KOY-B is a typical example (Plate III-a,
Fig. 3). It shows a sector structure, composed of a radial arrangement of inclusions
Fig. 3. Sketch of Regular-form type 2 garnet (KOY-B). Scale bar is 1 mm.
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(b)
m the mantle, and has a small hexagonal core (Plate III-b). In this garnet, minute
inclusions are crowded around the clear core. This type of sector-zoned garnet has so
far not been reported in the literature. The outermost zone of KOY-B garnet
grew over 52 foliation; and 'cleavage domes' (RICE and MITCHELL, 1991), defined by
graphite and biotite intergrowths, are developed outside the garnet (Plate III-c).
(3) Irregular-form type
This type is defined by irregular forms of the sector-zoned part, examples of which
are shown in Plates IV and V, and Figs. 4 and 5. In Plate IV-a, Plate V-d and Fig.
/? ·,1' •~tubular
, ~"o :'~o : I quartz
. «>/lt/'iOI / ;i intergrowth
'-<~ . ~;~ ..~'~<;~"::"'."'~
(JJ .1 ~ . _,·r.. '
',/ ~';"'"//;'r'
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Fig. 4. Sketches of Irregular-form type garnets.
(a): KOY-l and (b): KOY-6. Scale bar is 1 mm
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4-a, the garnet porphyroblasts, showing anhedral or resorbed outlines, have a sector
structure penetrated by straight foliation (81) in the core and gently folded 81 in the
mantle to rim. It is inferred that the irregular forms of the sectored part are induced
by radial growth of garnet over the pre-existing foliation. Because of the existence of
foliation, uniform radial growth of garnet is interrupted. Tubular minute inclusions
of apatite, quartz, biotite and ilmenite are arranged along 81 (and gently folded 81). The
garnet does not include 82 and has resorbed outlines (Fig. 4-a, Plate IV-a). A garnet
porphyroblast in KOY-6 also has a sectored core with tubular quartz inclusions arranged
parallel to the minute inclusion trail, as well as microcrenulated 81 in the mantle and
the rim (Plate IV-b, Fig. 4-b). A garnet porphyroblast in KOY-S (Plate V-a, b, Fig.
S) has an irregularly shaped sector structure in the core, crenulated 81 in the mantle
and 82 in the rim. 81, defined by preferred arrangement of ilmenite, continues smoothly
into 82. The porphyroblast has asymmetrical tails of foliation rich in biotite, similar
to the internal inclusion trail of 81.
(4) Cl ustered Type
This type is defined optically and/or chemically by the clustered grains with or
without sector structure. In Plate VI-a, b and Fig. 6, the left part of the garnet grain
includes a sector structure, but its right part includes only 81 foliation. A gap in the
chemical composition is recognized at the boundary between the left and right parts,
as shown in the next section. In Plate VII-a and Fig. 7, the texturally sector-zoned
core is dusty because of apatite, quartz and ilmenite inclusions, together with a radial
arrangement of minute inclusions, while the rim is clear. The core shows a vague
hexagonal form, and the grain outlines are euhedral, sharply discordant to the external
81 foliation. Therefore, the grains grew after the fonnation of 81. The core of this
garnet apparently looks like a single grain, but has clear gaps in its chemical zoning
TEXTURA.LLV SECTOR-ZOl\'ED GARNET PORPHVROBLASTS IN THE RVOKE
Fig. 6. Sketch of Clustered type garnet (KOY-2). Scale bar is 1 mm
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Fig. 7. Sketch of Clustered type garnet (SHI-2). Scale bar is 1 mm
profile (Fig. lO-d). A garnet shown in Plate VII-b also has a core clustered by sectored
grains, but later broken.
4. Radially arranged inclusions
Sector structures are characterized, as shown in Plate II-c, Plate IV, Fig. 2-c and
Fig. 4, by a radial anangement of minute inclusions, together with tubular apatite,
quartz, ilmenite and/or biotite oriented parallel to the lines of minute inclusions. Minute
inclusions are generally cubic or ellipsoidal In shape and less than 1 {lm In
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Fig. 8. Secondary electron images by EDS showing pores of Auid inclusions.
diameter. YOSHIMURA and OBATA (1995) considered them to be quartz and fluid
inclusions. However, neither a detailed description nor a detailed examination has ever
been made.
As shown In Plate VIII, inclusion bands (RICE and MITCHELL,1991) occur between
radially arranged segments, which consist of aggregations of minute grains of apatite,
quartz, ilmenite ancIJor biotite less than 10 lim (Plate VIII-b). These grains are inclusions
of matrix minerals or reactants left over after a garnet-forming reaction. However,
tubular quartz (Plate VIII-a) arranged parallel to the lines of minute inclusions is
considered to be a product formed at the same time as the growth of the
sector-zoned garnet (BURTON, 1986).
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Fig, 9, Chemical zoning profiles for garnets.
(a) KOY-1 (R1), (b) KOY-3 (R1) and (c) KOY-B (R2). R1: Regular-form
type 1, R2: Regular-form type 2. Dashed lines represent texturally sector-zoned
area.
I examined the polished surface of sectored segments of garnet using the optical
refraction microscope with high magnification (x 1000) and SEM (lEOL 5200 and 5400)
and found that almost all the minute inclusions appear as holes on the surface
(Fig. 8). It means that they were originally fluid inclusions: The result is significant for
the discussion on the growth mechanism of sector-zoned garnets, as this is evidence that
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Fig. 10. Chemical zoning profiles for garnets.
(a) KOY-l (I), (b) KOY-S (I), (c) KOY-2 (C) and (d) SHI-2 (C). I:
Irregular-form type, C: Clustered type. Dashed lines represent texturally
sector-zoned part, Dash-dot lines represent original grain boundaries' inferred
from changes in zoning patterns.
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they grew In an environment rich in fluids.
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5. Chemical zoning of sector-zoned garnet
Chemical zoning profiles for garnets of each type (regular type 1 and 2 in Fig. 9;
irregular type and clustered type in Fig. 10) show gentle or steep normal zoning patterns
from sectored core to mantle. KOY-3 (regular type 1) has apparently two peaks of
Xsps in the sectored core, but it is an effect of diffusion after cracking of the core part,
and originally it might have had a bell-shaped zoning profile. KOY-B (regular type 2)
shows a typical bell-shaped zoning pattern from core to rim, indicating growth during
increasing temperature throughout 01 and 02 stages. Another grain of KOY-l (irregular
type) is chemically homogeneous. KOY-5 (irregular type) also has a typical bell-shaped
zoning pattern from core to rim. In a zoning profile of SHI-2(c1ustered type), Xsps
has clearly two peaks in the dusty part. This suggests the clustering of two garnet
grains and a zone of inter-grain growth after the clustering, presumably at the same
time as rim growth.
The chemical zoning pro~les show that the core composItIons are different among
the same textural types. For example, KOY-l, KOY-3 and KOY-B (Fig. 9) are regular-
form types, but the Xsps of the cores are 0.2, 0.3 + and 0.25, respectively. The core
composition of KOY-3 was modified because of diffusion after cracking; the core might
originally have had 0.3 + of Xsps. OLIMPIO and ANDERSON (1978) considered that the
evolution of textural zones closely reflects the amount of particulate materials and the
local conditions in the reservoir in which the garnet grew. As discussed in a separate
paper (MIYASHITA, 1996), the differences in chemical compositions of core reflect primarily
the bulk chemical composition of host rocks, and secondarily the nucleation-growth
stages, whereas the differences in zoning patterns across grains reflect the length of
growth. The variations in local conditions affect the outlines of the sectored zone.
6. Growth mechanism of sector-zoned garnet
Sector-zoned garnets are considered to have grown rapidly (ANDERSEN, 1984; BURTON,
1986). The growth rate of a crystal is controlled essentially by the diffusion rate of
materials through the matrix in which the crystal grows (RIDELEY and THOMPSON,
1986), if the degree of overstepping of any condition is the same; and the diffusion rate
is controlled largely by the amount of fluid (WALTHER and WOOD, 1984) and the grain
size in the matrix (RIDELEY and THOMPSON, 1986). As stated in the previous section
and shown in Fig. 8, ultra-minute inclusions of bundles in the sectored parts of a garnet
are originally filled by fluid. No such fluid inclusions are found in non-sectored
garnets. Therefore, the nucleation and growth of sectored garnets occurred in a fluid-filled
condition.
Pyramidal apices commonly lie at the centres of sector-zoned garnets, indicating
that sector growth begins with nucleation (RICE and MITCHELL, 1991). However, in
garnets of regular type 2, which have clear hexagonal cores, sector growth began after
42 Yukari MIYASHITA
the growth of the core. This indicates that the conditions for sector growth in a garnet
were provided during the growth of the garnet, but that the nucleation and growth of
a sector-zoned garnet did not always occur at the initiation of garnet growth. According
to the textural and structural relationships between garnet porphyroblasts and matrices,
the nucleation and growth stages of sector-zoned garnet porphyrobalsts are not the same
in the gneisses analysed; and there are at least two stages where sector-zoned garnets
nucleated and grew (MIYASHITA, 1996). Furthermore, sector-zoned garnet porphyroblasts
commonly occur locally in the same gneiss layer at the same outcrop. Therefore, it is
inferred from these observations that the infiltration of fluid occurs locally in space and
intermittently in time.
The 'cleavage dome' of the garnet shown in Plate III-c, which formed at the
outermost faces of this garnet, is considered to have developed due to the displacement
of matrix graphite and biotite during garnet growth, as a result of the stresses caused
by the growing porphyroblast under a bulk hydrostatic stress field (HARVEY et at., 1977;
FERGUSON et at., 1980). RICE and MITCHELL (1991) considered that inclusion bands are
also evidence for displacement growth and development under hydrostatic stress
conditions. However, inclusion bands and the arrangement of other inclusions in KOY-l
show 'curvature' (Plate IV-a, Plate VIII-a). KOY-B, which has graphite domes (Plate
III-a, c), grew during the 52-forming deformation. These facts are inconsistent with
the thought that inclusion bands and cleavage domes develop under hydrostatic conditions.
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Explanation of Plate I
Photomicrographs of sector-zoned garnet (Regular-form type I).
(a): small euhedral porphyroblasts in pelitic gneiss (KUR-25); (b): enlarged view of (a);
(c) and (d): subhedral porphyroblast In siliceous pelitic gneiss from Koyama. Note
inclusion bands between each pyramid in (d).
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Explanation of Plate II
Photomicrographs of sector-zoned garnet (Regular-form type 1).
(a): euhedral porphyroblast (KOY-267) with square sector-zoned core, which
is a cross section of a rhombododeeahedron cut normal to the tetragonal axis,
(b): anhedral, resorbed porphyroblast with sectored core (KOY-1); (c): same as
KOY -1, except that 52 1S included In the margin, and later cracked at the
centre (KOY-3)
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Explanation of Plate III
Photomicrographs of sector-zoned garnet (Regular-form type 2).
(a): a large porphyroblast in siliceous pelitic gneiss (KOY-B), including hexagonal
clear core and sectored mantle with non-sectored nm including S2 trail; (b):
enlarged view of the core of (a); (c): a compositional image by EDS showing
cleavage domes of graphite-biotite intergrowth
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Explanation of Plate IV
Photomicrographs of sector-zoned garnet ([rregular-form type).
(a): anhedral, large porphyroblast 1Il siliceous pelitic gneiss (KOY-I),
sectored core penetrated by S I (see Plate VI [J for enlarged views);
type as (a), including tubular quartz radially arranged.
including
(b): same
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Explanation of Plate V
Photomicrographs of sector-zoned garnet (I rregular-form type).
(a): subhedral porphyroblast in siliceous pelitic gneiss (KOY-S), including sector-zoned
core penetrated by 81 defined by included ilmenite trails; (bl: enlarged view of the sectored
core of (a); (cl: same as (a), including crenulated 81 and sectored part; (d): anhedral
porphyroblast in siliceous pelitic gneiss from Koyama, including sectored part in core to
man tie penetrated by 81.
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Explanation of Plate VI
Photomicrographs of sector-zoned garnet (Clustered type).
(a): anhedral porphyroblast in siliceous pelitic gneiss (KOY-2) including sectored
grain on left side of the grain; (b): enlarged view of the sectored part of (a).
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Explanation of Plate VII
Photomicrographs of sector-zoned ga; net (Clustered type).
(a): subhedral porphyroblast in siliceous pelitic gneiss (SH 1-2), including sector-zoned
grains clustered in the core; (b): pulled-off porphyroblast, including sectored grains.
Yukari MIYASHITA: Texturally Sector-Zoned Garnet Porphyroblasts Plate 7
58
Explanation of Plate VIII
Enlarged photomicrographs of sectored part of Plate IV. (a): sector-zoned part is composed
of ultra-minute inclusions of quartz and Auid, and tubular quartz, biotite and ilmenite;
(b): inclusion bands develop along the boundaries of each sectoral bundle.
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